Maintaining communications during major hurricanes is critically important for public safety operations by first responders. This requires accurate knowledge of the propagation channel during hurricane conditions. In this work, we have carried out ultra-wideband (UWB) channel measurements during hurricane conditions ranging from Category-1 to Category-4, generated at the Wall of Wind (WoW) facility of Florida International University (FIU). Time Domain P410 radios are used for channel measurements. From the empirical data analysis in time domain, we developed a UWB statistical broadband channel model for hurricanes. In particular, we characterize the effects of rain and wind speed on large scale and small scale UWB propagation parameters.
I. INTRODUCTION
Hurricanes are one of most destructive forces in nature where wind speeds exceeding 74 mph and heavy rainfall are observed. An estimated 18 hurricanes of different categories hit United States every decade on the average [1] . Hurricanes can lead to difficulties in existing communication links as the design of general radio transceivers do not take into account such severe conditions. This can make the rescue and relief operations during those conditions extremely challenging. Other sensitive operations such as air traffic control and military communications are also affected in such conditions. With the recent use of autonomous modes of transportation in air, sea and ground, a reliable communication link in all weather conditions is paramount.
Ultra-wideband (UWB) radio signals with their large bandwidth, high data rates, and minimum interference to existing communication links are used in numerous applications. These applications include radars for search, rescue and imaging in the disaster hit areas. A reliable propagation channel model in these conditions such as hurricanes can help in efficient rescue operations. There are UWB channel models available in the literature for indoor and outdoor environments [2] , [3] . However, to our best knowledge, there is no study available to characterize UWB channels in high wind and rain conditions. In [4] - [9] weather effects on communication channel at different frequencies are discussed in controlled and outdoor environments with different foliage concentrations. The wind speeds and rain intensities considered in these studies are much lower than those encountered in a hurricane.
In this work, we have carried out channel sounding of UWB radio signals in hurricanes generated from Category-1 to Category-4 based on Saffir-Simpson hurricane scale [10] This work has been supported in part by the NSF grants AST-1443999 and CNS-1453678, and W. Khawaja has been supported via a Fulbright scholarship. 
II. UWB CHANNEL SOUNDING AT FIU WOW
In this section we summarize the experimental set up at FIU WoW. Special measures were taken in order to protect the communication and data storage equipment from hurricane effects and relaying radio controls from a safe point.
A. Channel Measurements with UWB P410 Radios
Time Domain P410 radios in bi-static mode are used in channel measurements due to their ease of setting up and efficiently measuring the channel response in a concise space. The operating frequency range for the experiment is 3.1 GHz -5.3 GHz. The transmitted power from the radio was limited to -14.5 dBm due to FCC requirements [11] . The radios are configured to send pulses at a rate of 10.1 MHz and for a scan duration of 100 ns. The width of each pulse is 1 ns. A pseudo-random (PR) coded pulse train sequence is used to provide synchronization between the transmitter and receivers eliminating the requirement for a physical connection between the transmitter and the receiver. The PR encoded pulses in the acquisition preamble of the transmitted packet is used to detect and lock the transmitted data at a given receiver. The synchronization clock information is sent from the transmitter to receivers through transmitted packets. The rake receiver [12] is used to collect the energy in the transmitted waveform at a sampling resolution of 61 ps at the receiving radios.
UWB BroadSpec planar elliptical dipole antennas are used in the experiment. The antenna pattern is omni-directional in azimuth direction and doughnut shaped in the vertical direction with gain of 3 dBi. Antennas are placed such that bore-sight of transmitter and receiver antennas face each other giving higher gains [13] . The raw received and reconstructed pulses are shown in Fig. 2(a) . In order to obtain reconstructed pulses, the template waveform is convolved with the channel impulse response (CIR) given in Fig. 2(b) . The CIR is obtained by deconvolving the received pulses with the template waveform using CLEAN algorithm. The horizontal blue line in Fig. 2(b) is the amplitude threshold set at 10% of the input signal. We have used raw received pulse data in our analysis.
B. Hurricane Generation Setup
At the FIU WoW, 12 powerful fans are used to generate hurricanes from Category-1 to Category-5 [10] . We limited our experiments up to Category-4 hurricane due to limitations of the communication and relaying equipment. Rain is produced through water nozzles placed alongside the fans. The rain intensity in our experiment was set at 223.5 mm/h. The wind pressure due to velocity and density of wind flow at a given spatial location is called pressure head. The density of wind will be considered to be constant along our observation length. From Fig. 3 , the position P2 will be under lower pressure head as compared to P1 according to Bernoulli equation along a streamline [14] . This means that radios at P2 will be exposed to higher wind gusts as compared to at P1.
In case of wind driven rain (WDR), due to non-uniform motion of water droplets, a plausible assumption is the formation of large sized droplets due to smearing in to each other at higher wind velocities [15] . These large sized water droplets have higher likelihood to interfere with the electromagnetic (EM) waves. Due to large frequency band of the EM wave in the experiment, different frequency components will expe- rience different attenuation due to scattering, refraction and diffraction during rain.
Three receivers are placed at equal distance from the transmitter at 12 m as shown in Fig. 3 . The LOS radios are at position P1 and P2, and a NLOS path is created by placing a wooden building structure of height 2.76 m between the transmitter and the receiver at position P3. The height of the transmitter and receivers is kept same at 1.5 m. Two scenarios are studied for each receiver radio position labeled as S1 and S2. In S1, we have no rain, whereas in S2, we have rain. In both scenarios, the wind velocity is varied from 90 mph to 140 mph in six discrete steps. To reduce the impact of static objects in the environment, we subtracted the mean statistical CIR at each radio positions without hurricane conditions from the measured ones in hurricane.
III. UWB CHANNEL MODELING FOR HURRICANES
In this section, a statistical channel model for UWB radio signals in the frequency band 3.1 GHz -5.3 GHz is developed for LOS and NLOS paths in hurricane based on the empirical data. We use modified Saleh Valenzuela (SV) channel model [16] for the representation of our UWB channel. The UWB channel in our analysis is considered to be linear time invariant with frequency selective fading.
A. Multipath Components Analysis
UWB channel can be characterized based on its multipath components (MPCs) obtained from its CIR:
where ( ) is the discrete UWB channel response in time domain, is the total number of MPCs in the th cluster, represents the total number of clusters during the scan interval, , , , , , represent the amplitude, phase and delay of the th MPC in the th cluster, respectively, and Γ is the delay of the th cluster. The phase is a uniformly distributed random variable in the interval [0 2 ], thus it can be neglected. Power delay profile (PDP) obtained using CIR in the LOS case is shown in Fig. 4 . The formation of major clusters is due to reflection of the MPCs from objects of size comparable or larger than 13 cm. We identify clusters in the PDP using our cluster identification algorithm that is based on the covariance likelihood of the samples of the PDP. The gain amplitudes of MPCs from measurements better fit to the lognormal distribution instead of Rayleigh distribution in the SV model. The amplitudes of channel coefficients can be represented as ,
where is a normally distributed random variable with mean a i,l and variance 2 a , respectively. The TOA of clusters and MPCs within each cluster follows two separate Poisson processes. For a given radio position if and represent the arrival rate of cluster and MPCs within each cluster, then we have [3] , [16] :
If Γ and represent the mean arrival time of clusters and MPCs within each cluster, respectively, then the effect of wind velocity and WDR can be given as
where 0 ≤ c < 1 and 0 ≤ m < 1 are arbitrary constants that are dependent on the rain and pressure head, c > m , while Γ b and b are the mean arrival time of clusters and MPCs within respective clusters for the base case without hurricane. The variation in the mean arrival time of cluster and MPCs within them is represented by two random variables c ∼ (0, 2 c ) and m ∼ (0, 2 m ), respectively. If the mean number of clusters at a given receiver radio position is represented by , then we have = (1+ p ) b for = 1, 2, 3, ≥ 0 is a constant for given receiver radio position in hurricane, p > 0 and r > 0 are constants proportional to pressure head and rain, respectively, and b is the mean number of clusters for the base case without hurricane. If N is the random variable representing the variation in the mean number of clusters for a given radio position, then we have N ∼ (0, 2 N ). The formation of clusters is dependent on the channel conditions e.g. during rain we have reduced reflectivity from objects and also EM waves experience higher dielectric constant and loss tangent of water as compared to air resulting in higher attenuation of MPCs and formation of fewer number of clusters.
B. Power Delay Profile
The PDP can help to characterize power distribution in a given channel as a function of propagation delay. We will consider the general case of non-overlapping clusters as basis for our analysis, where the PDP can be written as [3] , [16] .
where ( ) denote the PDP for clusters, mp ( ) is the PDP for MPCs of th cluster, while Λ and are the power decay constants for inter-cluster and intra-cluster, respectively, and ( 2 ,1 ) is the average power corresponding to first MPC of the th cluster. The decay constant for inter-cluster case is larger than the intra-cluster case, i.e., Λ > . We can represent the variation in ( ) and mp ( ) from (5)(6) by two zero mean normally distributed random variables P ∼ (0, 2 P ) and mp ∼ (0, 2 mp ), respectively. 1) WDR effect on PDP: The PDP is effected by WDR due to phenomenon discussed in Section II-B. If nr ( ) represents the PDP with no rain and rn ( ) represent the PDP in the presence of WDR then we have (rn) ( ) = (nr) ( ) + R , where 0 < < 1 is an attenuation constant due to WDR.
R ∼ (0, 2 R ) is a random variable introduced due to WDR. 2) PDP for NLOS Path: The effect of wind velocity and WDR are more dominant on the NLOS path as compared to LOS due to long propagation path, absence of dominant power component, and more scattered energy distribution. Let LOS ( ) represents the PDP for LOS and NLOS ( ) is the PDP for NLOS; then we have
where 0 represents the cluster energy due to LOS component. This component is absent in the NLOS case, where the energy is distributed into multiple smaller energy clusters without a dominant energy cluster.
C. Large and Small Scale Fading Parameters
We consider that the transmitter and the receivers are static, and only wind velocity and WDR are the main sources of variation in the channel. Large scale fading is considered as a measure of attenuation in the received energy during hurricane conditions as compared to a reference energy. From the empirical data, the empirical attenuation due to wind and WDR can be written as e ( ) = 10 log 10 where [ ] is the PDP at distance and wind velocity for a discrete sampling instance of a scan. On the other hand, 0 [ ] is the PDP at sampling instance of a scan at = 12 m, wind velocity 0 of 1.86 mph, ambient temperature of 25 ∘ C and standard air pressure of 10.135 N/cm 2 . The ∑ ∀ [ ] represents total energy for different scans in each scenario for wind velocity , while ∑ ∀ 0 [ ] represents total energy for different scans of the reference scenario.
We use linear regression to obtain large scale fading parameters for LOS, NLOS paths as follows
where w ( ) is the attenuation as a function of wind velocity in the presence and absence of rain at a given distance between the transmitter and the receiver, w0 is the regression constant, and is the slope of the linear regression, which depends on WDR and pressure head, A is a random variable representing the variations as noise in w ( ) given as A ∼ (0, 2 A ). The large scale fading parameters that fits in to the model developed in this section using the empirical data explained in Section IV are given in Table I. Small scale fading for UWB signals in hurricane is due time dispersion of MPCs. There is no Doppler spread present due to static position of the transmitter and the receivers. The small scale fading amplitudes are better fitted with Nakagami distribution given as
where is the shape factor for Nakagami distribution, Ω represents the spread controlling factor, and Γ( ) represents the Gamma function. If represents the random variable ∼ Nakagami ( , Ω )
, then, we have [17] 
, where the Nakagami-factor is log-normally distributed. Mean and variance of Nakagami-factor are represented by mf and mf , respectively, while the mean and variance of spread controlling factor Ω are represented by sc and sc respectively. The small scale fading parameters obtained from empirical results that fit the model described above are provided in Table II. In case of LOS, the Nakagami-distribution can be approximated with a Rician distribution [18] given as
where = 10 log 10 ( 2 2 0 ) , is the Rician K-factor representing the ratio between power of LOS component to the scattered components, ( ) represents the Rician distribution with 0 representing the power in the diffuse MPCs, 2 is the power in the dominant LOS component, and 0 is the 0 th order Bessel function. The power in the diffuse component 0 in the hurricane conditions can be represented as
where b is the diffuse power of the base case, r0 ≥ 0, w0 ≥ 0 are constants proportional to WDR, and wind velocities respectively, p0 ≥ 0, is a constant that has higher value for lower pressure head regions and vice versa, r0 , p0 , and w0 are the coefficient values for respective constants, where r0 = [0,1] and p0 = [0,1], representing either absence or presence of rain and lower pressure head respectively, and w0 = [90:10:140] in our case, and A0 ∼ (0, 2 A0 ) is a Gaussian distributed random variable. We use linear least square error to calculate the values of the constants and distribution of A0 in (13) as follows:
where is a matrix that contains the values [ r0 p0 w0 ]. The variation of power for diffuse and direct components in different scenarios averaged over scans is represented as Df ∼ ( Df , 2 Df ) and Dr ∼ ( Dr , 2 Dr ) respectively. The variations in K-factor is represented by K ∼ ( K , 2 K ). In case of NLOS, = 0 and the Rician distribution converges to Rayleigh distribution.
IV. EMPIRICAL RESULTS
This section provides an analysis of large and small scale fading, and the statistics of the MPCs, based on the experiments described in Section II. After collecting the data, post processing of the measurement data is carried out in Matlab.
A. Large and Small Scale Fading Analysis
Large scale attenuation in our case is a measure of reduction in the received energy during hurricane conditions. Large scale fading for different radio positions and respective scenarios as a function of wind velocity, based on (9) and (10), is shown in Fig. 5 . Results show that in general, higher attenuation is observed at higher wind speeds for LOS scenarios, while for NLOS scenarios no critical impact of wind speed is observed. Comparison of our results with related literature [4] , [5] , [8] indicates that we observe higher attenuation in our experiment, which may be due to following reasons.
First, change in the ambient conditions under different wind velocities can lead to attenuation without rain. This is due to ambient noise that varies with wind flows and pressure heads. At P2, we have lower pressure head that introduces higher wind gusts. Also, at P2, we observe bouncing and scattering of strong wind currents from the obstacle. This results in additional ambient noise at P2 due to exposure to more agitated molecules resulting in more attenuation. Second, the mechanical turbulences of communication, tie down and relaying equipment introduces variations in the received power. The highest mechanical turbulences are experienced by the exposed antennas. With transmitter and receivers at same height, we observe additional attenuation due to non-alignment of the bore-sight of antennas [13] . Another reason is the limitation of the communication equipment itself. For a given receiver sensitivity, a reduction in the SNR due to ambient noise and mechanical turbulences during hurricane conditions causes the packets to be dropped at the receiver. This implies a more lossy channel. Finally, in case of WDR, the wind intensity we considered is much higher than considered in the literature [4] , [8] . This high intensity rain driven by high wind velocities form a kind of water wall between the transmitter and the receiver. Due to higher dielectric constant and loss tangent of the water as compared to rain, we observe additional attenuation during rain. This attenuation is accompanied by scattering, refraction and diffraction of EM waves and higher ambient noise from water droplets that depends on the droplet size distribution. Additionally, the accumulation of water on different surrounding objects result in reduced reflections of incident EM energy due to absorption. In case of NLOS measurements in Fig. 5(c) , we have higher attenuation as the energy is compared with the standard LOS path scenario. In addition to the effects explained above, the absence of dominant LOS component results in more attenuation as compared to LOS.
The probability density function (PDF) of small scale fading amplitudes at different radio positions and respective scenarios is shown in Fig. 6 for wind velocity of 90 m/s. A general trend is that with WDR, there is decrease of mean and variance of the PDF for both LOS and NLOS paths. This reduction is higher for P2 as compared to P1 for the LOS path. We can deduce that with rain and low pressure head, we expect more attenuation and lower small scale amplitude fluctuations. The mean and variance of the LOS path is greater than the NLOS path. This is validated by the Nakagami-factor and spread controlling factor Ω values given in Table II . It can be observed that for NLOS, the distribution fits closely to Raleigh. Similar results are obtained for other wind velocities.
B. Multipath Channel Analysis
The MPCs from empirical data are analyzed to determine the behavior of the channel and validate the stochastic model developed in Section IV. Significant MPCs are characterized to have amplitude greater than the threshold set at 15% of the maximum amplitude for a given scenario as shown in Fig. 7 . It can be observed that number of significant MPCs are affected by radio position and rain in case of LOS due to the effects discussed earlier resulting in weakening of MPC amplitudes especially during rain. In case of NLOS, we observe higher reduction as the arriving MPCs are weak. The multipath statistical channel parameters obtained from empirical data, that fit the model for MPCs propagation through hurricanes, developed in Section III are given in Table III .
The Rician -factor plot for the LOS path averaged over multiple scans is shown in Fig. 8. From (13) , a decrease in K-factor is observed with the increase in the wind velocities similar to [5] and [9] , especially in case of WDR. It can be observed that there is less effect of pressure head on the -factor without rain, as the dominant LOS component is less affected by wind velocities as shown in Fig. 8(a) and Fig. 8(b) . The -factor remains almost constant and changes significantly only at 140 mph indicating that ratio of dominant LOS component power and diffuse components power remains proportional except at 140 mph where the dominant LOS component power has reduced significantly. In case of WDR shown in Fig. 8 (c) and Fig. 8(d) , we observe a significant reduction in the -factor at 110 mph indicating that due to rain the dominant LOS component is reduced earlier as compared to no rain. For the rest of the wind velocities, the -factor remains same indicating that there is proportional reduction in the dominant LOS component and diffuse component.
V. CONCLUSIONS AND FUTURE WORK
In this work, we have conducted UWB propagation channel measurements in different hurricane conditions. The effects of wind velocity and WDR at different pressure head regions are monitored in LOS and NLOS communication paths. Based on the measurements, a UWB channel model for hurricanes is developed. It is observed that UWB communications under different wind velocities, pressure heads and WDR for LOS and NLOS paths in a hurricane introduce different effects on the channel model parameters (large scale, small scale and MPCs propagation). The proposed model can help in improved design of communications systems in hurricane conditions. Our future work includes developing channel models in hurricane conditions for millimeter wave communications where more severe attenuation is expected to occur. 
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P1, S1 P1, S2 P2, S1 P2, S2 P3, S1 P3, S2 5. 
